Viable cells of Micrococcus luteus secrete a factor, which promotes the resuscitation and growth of dormant, nongrowing cells of the same organism. The resuscitationpromoting factor (Rpf) is a protein, which has been purified to homogeneity. In picomolar concentrations, it increases the viable cell count of dormant M. luteus cultures at least 100-fold and can also stimulate the growth of viable cells. Rpf also stimulates the growth of several other high G؉C Gram-positive organisms, including Mycobacterium avium, Mycobacterium bovis (BCG), Mycobacterium kansasii, Mycobacterium smegmatis, and Mycobacterium tuberculosis. Similar genes are widely distributed among high G؉C Gram-positive bacteria; genome sequencing has uncovered examples in Mycobacterium leprae and Mb. tuberculosis and others have been detected by hybridization in Mb. smegmatis, Corynebacterium glutamicum, and Streptomyces spp. The mycobacterial gene products may provide different targets for the detection and control of these important pathogens. This report is thus a description of a proteinaceous autocrine or paracrine bacterial growth factor or cytokine.
The essential role of cytokines in controlling the activation, growth, and proliferation of eukaryotic cells is now widely recognized (1) . These proteinaceous cell-signaling molecules include many growth factors that are widely distributed among vertebrates, and probably also invertebrates (2) . Similar growth factors have also recently been found in unicellular organisms such as ciliates (3) (4) (5) (6) . In prokaryotic organisms, intercellular signaling usually involves small metabolites (e.g., N-acyl homoserine lactones) or peptides (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Although specific interactions have been documented between vertebrate cytokines and prokaryotes (17) (18) (19) (20) , there are no known examples of autocrine or paracrine growth factors produced by prokaryotic microorganisms.
The number of observable microbial cells in a natural sample often exceeds the number that can be cultured therefrom by orders of magnitude (21) (22) (23) . It is not known in general whether such nonculturable (and often noncultured) cells are dead, are killed by our media, or are in a dormant state from which we could, in principle, resuscitate them with appropriate growth factors (24) . After growth to stationary phase and starvation in spent growth medium, cells of the nonsporulating, Gram-positive bacterium Micrococcus luteus can enter a dormant state in which they can persist for at least 7 months. Whereas exponentially growing cultures have a viability of Ϸ100%, as estimated by comparing colony forming units (cfu) on agar plates with the total cell count determined microscopically, such dormant cultures can exhibit a viability of less than 10 Ϫ4 (25) . The viable count of this type of culture as measured by the Most Probable Number (MPN) method also corresponds to the number of cfu. However, in the presence of sterile (filtered) culture supernatant from the late logarithmic phase of batch growth, resuscitation occurs and the viable count by MPN increases by several orders of magnitude to a value approaching the total count (26) . These and other (27, 28) experiments showed that growing bacteria produce a pheromonal resuscitation-promoting factor (Rpf).
We describe herein the isolation and characterization of the Rpf, which is a Ϸ16-17 kDa protein. The gene encoding the Rpf has been isolated, sequenced, and expressed in Escherichia coli. Similar genes are of widespread occurrence among the high GϩC Gram-positive bacteria, including streptomycetes, corynebacteria, and mycobacteria. These findings, together with our demonstration that the purified Rpf from M. luteus stimulates the growth of several mycobacteria, including Mb. tuberculosis, have significant implications for detection and treatment of, as well as protection against, mycobacterial infections.
MATERIALS AND METHODS
Organisms and Media. M. luteus NCIMB 13267 (previously described as ''Fleming strain 2665'') was grown aerobically at 30°C in conical flasks in lactate minimal medium (LMM) containing L-lactate as described (25, 28) . When the culture had reached stationary phase, agitation was continued at 30°C for up to 2 months. Cultures were then held aerobically at room temperature without agitation for periods up to a further 3 months. The initial viability of these cultures at this point (measured by comparing the plate count with the microscopic count) was less than 10
Ϫ3
. Mycobacterium smegmatis (''fast'' strain) was obtained from AllRussia's State Institute for Control and Standardization of Veterinary Preparations (Moscow) and was grown in either Sauton medium (29) or nutrient broth E (LabM), which contains beef extract (1 g͞liter), yeast extract (2 g͞liter), peptone (5 g͞liter), and NaCl (5 g͞liter). Overnight precultures were washed several times by centrifugation and used to inoculate cultures to an initial density of 2.10 2 cells͞ml. Mycobacterium tuberculosis H37Rv, Mycobacterium bovis (BCG), Mycobacterium avium, and Mycobacterium kansasii were obtained from the Central Institute for Scientific Research on Tuberculosis (Moscow), and Mb. tuberculosis H37Ra (avirulent strain) was obtained from the All-Russia's Centre for Applied Microbiology (Moscow). Cultures in Sauton medium (29) were inoculated with cells from 4-to 6-week-old cultures to an initial density (total count) of 10 M. luteus Spent Medium Preparation. Supernatant was obtained after the centrifugation of late logarithmic phase M. luteus cultures (200-1,000 ml) grown in LMM or LMM in which lactate was replaced by succinate plus 0.01% yeast extract from which macromolecules had been removed by dialysis. The inoculum consisted of 2% (vol͞vol) of cells grown in rich medium (nutrient broth E, LabM) and then washed in LMM lacking lactate. The supernatants were passed through a 0.22-m filter (Whatman) before use.
M. luteus Cell Viability by Plating. Plates consisting of 1.3% nutrient broth E (LabM) or LMM were used. Dilutions were made in quadruplicate with centrifuged and autoclaved spent medium taken from starved cultures. Plates were incubated at 30°C for 3-5 days.
M. luteus Cell Viability by MPN. The MPN assay was performed in a Bioscreen C optical growth analyzer (Labsystems, Finland) by using LMM supplemented with 0.5% lactate and 0.05% of yeast extract as a resuscitation medium. Dilutions of starved cells were made as described (27) . Ten microliters of each dilution (5-10 replicates) were added to wells containing 200 l of either LMM supplemented with 0.5% lactate and 0.05% yeast extract or the same medium with the fraction being tested (2-20 l). Growth (optical density) was monitored using a 600-nm filter. Plates were incubated at 30°C with intensive continuous shaking. The overall measurement period was 120 h, each well being measured hourly. Fractions obtained after chromatography were dialyzed against elution buffer 2 (see below), diluted in resuscitation medium in various proportions (1:10, 1:100, 1:500, 1:1000, 1:5,000, and 1:10,000), and filtered through 0.22-m Gelman filters before testing. MPN values were calculated by using published tables (28) .
Total Cell Counts. Unstained cells were counted with a phasecontrast microscope and an improved Neubauer counting chamber (Fisons, UK) (28) . In long-term experiments with mycobacteria, organisms were stained with Ziehl-Neelsen reagent (52) before counting.
Chromatography. Prewetted DEAE cellulose was added to culture supernatant (1:10 vol͞vol) and incubated at 4°C for 1 h with slow stirring. The cellulose was loaded into a column and washed with 5 volumes of buffer 1 (10 mM Tris⅐HCl, pH 7.4͞1 mM EDTA͞1 mM DTT͞10% (vol/vol) glycerol) containing 10 mM KCl. The column was eluted stepwise with 2-3 bed volumes of 0.3 M KCl in buffer 1. The fraction obtained was slowly diluted with buffer 1 on ice to give a final KCl concentration of 0.08 M. Forty column volumes of this fraction were then loaded onto a DEAE-Sepharose fast flow column (1 part of Sepharose preequilibrated with buffer 1 containing 0.08 M KCl). The column was washed with 5 bed volumes of buffer 1 containing 0.08 M KCl and eluted stepwise with 3 volumes of 0.25 M KCl in buffer 1. The fraction obtained was again slowly diluted with buffer 1 on ice to a final KCl concentration of 0.08 M, filtered through a 0.22 m Gelman filter, and loaded onto a Mono Q column (model HR5͞5, prepacked, Pharmacia) equilibrated with buffer 2 (10 mM Tris⅐HCl, pH 7.4͞10% glycerol) containing 0.08 M KCl. The Mono Q column was eluted with a linear gradient from 0.08 M to 0.28 M KCl in buffer 2 (total volume 20 ml). The flow rate was 1 ml͞min and 1 ml fractions were collected. All manipulations except the Mono Q chromatography step were performed at 4°C. The fractions obtained were dialyzed against buffer 2 (dialysis is important for the retention of activity) and stored at 4°C for up to 5 days without loss of activity. For prolonged storage at Ϫ70°C, fractions were dialyzed in the same way and glycerol added to a final concentration of 20-30% (wt͞vol). The protein content in purified preparations was estimated from the predicted molar extinction coefficient of the deduced gene product (see below; E 280 nm , 1 cm ϭ 46,470). Trypsin Treatment. Trypsin was added to the active, dialyzed fraction obtained from the Mono Q column and diluted with LMM supplemented with 0.5% wt͞vol lactate and 0.05% yeast extract (1:100) to final concentration of 50 g͞ml). The mixture was incubated for 30 min at 37°C and then the reaction was stopped by adding trypsin inhibitor (100 g͞ml). In control experiments trypsin inhibitor was added to the mixture before incubation.
SDS͞PAGE. SDS͞PAGE was performed according to Laemmli (30) . Chromatographic fractions were dialyzed against 10 mM Tris⅐HCl, (pH 7.4) for 4-5 h, vacuum-dried (Speedvac, 1.5 h), dissolved in sample buffer (Sigma, S-3401), loaded onto a 15% (wt͞vol) acrylamide gel, and run at a constant voltage of 200 V. The gel was stained with colloidal Coomassie G (Sigma).
Chemicals. Nutrient broth E, yeast extract and agar were obtained from Lab M, whilst L-lactate (Li salt), succinate, trypsin, soya bean trypsin inhibitor and DEAE-Sepharose fast flow were obtained from Sigma. DEAE cellulose DE52 was obtained from Whatman, and Mono Q from Pharmacia. Other chemicals were of analytical grade and were obtained from Sigma or BDH Chemicals (Poole, U.K.).
DNA Manipulations. Protein microsequence data from the N terminus (ATVDTWDRLAEexSNGTxD) and an internal peptide (VGGEGYPHQASK) obtained from the purified Rpf was used to design two oligonucleotides, A1 (5Ј-GCSACSGTSGA-CACSTGGGACCGSCTSGCSGAG-3Ј) and A2 (5Ј-GCYTGR-TGIGGRTAICCYTCICC-3Ј) (underlined residues were employed in primer design). Taq polymerase was employed under standard conditions to amplify (4 min at 94°C followed by 30 cycles of: 30 s at 94°C, 30 s at 60°C, 90 s at 72°C) a 147-bp PCR product from M. luteus DNA with these primers. The PCR product was labeled with digoxygenin and used as a probe for Southern hybridizations. A strongly hybridizing 1.4 kbp SmaI fragment was detected, cloned in pMTL20 (31) and established in E. coli strain XL-2 blue (Stratagene). Recombinant plasmids carrying the fragment in both possible orientations were detected by hybridization, confirmed by PCR by using primers A1 and A2, and 1,135 bp of the insert in one of them was manually sequenced on both strands by using the dideoxy chain termination method. The DNA sequence was confirmed by cycle sequencing with fluorescent dye terminators (Applied Biosystems PRISM).
Standard -coordinated iminodiacetic acid immobilized on Sepharose 6B), was loaded with the supernatant, washed with 20 vol binding buffer, 20 vol binding buffer containing 100 mM imidazole, and then eluted with 10 vol binding buffer containing 0.5 M imidazole. Additional purification was achieved by Mono Q column chromatography (see above, save that the salt gradient was from 0.1-1 M NaCl). Monoclonal anti-(polyHis) antibodies (Sigma, clone His-1) were employed for immunoblot analysis of fractions subjected to SDS͞PAGE and electroblotted using standard methods. Fractions were dialyzed against buffer 2 and assayed for biological activity as indicated above.
RESULTS
Characterization of Rpf from Culture Supernatants. The proteinaceous nature of Rpf in M. luteus culture supernatants was inferred from the results of preliminary resuscitation experiments with dormant bacteria in which it was established that the activity was heat-labile, nondialyzable, and trypsin-sensitive. It was purified to homogeneity in several steps (see Materials and Methods), the final stage of which is shown in Fig. 1A . The peak of resuscitation and apparent lag phase-reducing activity ( Fig. 1 B  and C) corresponded to a protein with an apparent molecular mass of 16-17 kDa, as estimated electrophoretically (Fig. 1D) , and 16-19 kDa, as estimated by Sephacryl gel filtration (not shown).
The purified protein lost biological activity after boiling or treatment with trypsin and activity was retained by a 12-kDa cutoff filter (not shown). Rpf was active in the picomolar range in increasing the number of culturable M. luteus cells from dormant populations by three orders of magnitude ( Fig. 2A) and in stimulating the growth of washed cells of this organism in batch culture (Fig. 2B) . Whereas unwashed cells proliferate normally in liquid LMM (25, 28 ) the proliferation of washed cells in this medium appeared to depend absolutely on added Rpf over the 160 h duration of the experiment (the prolonged lag phase in this experiment results from the use of a small inoculum of intensively washed cells and a minimal medium). In view of the low concentrations necessary for activity, a trivial nutritional role for (proteolytic degradation products of) Rpf may be discounted. Moreover, in resuscitation experiments Rpf is active in the presence of yeast extract. Rpf is not visible as a distinct band in crude culture supernatants, nor after partial purification using a DEAE cellulose column (Fig. 1D) , in which the major species is a ca. 27 kDa protein that may be equivalent to the major 30-32 kDa species found in supernatants of Mb. tuberculosis (33, 34) .
Characterization of the Gene Encoding Rpf from M. luteus. By using primers A1 and A2, designed from protein microsequence data (see Materials and Methods), a 147-bp fragment was PCRamplified from M. luteus DNA. This fragment was cloned and sequenced and when used as a hybridization probe, it detected a Ϸ1.4-kbp SmaI genomic restriction fragment as well as two larger, more weakly hybridizing bands (see Fig. 4A, lane 4) . The 1.4 kbp fragment was cloned and sequencing revealed that the original PCR product was derived from a gene, denoted rpf, capable of encoding a 220-residue product. The predicted gene product (Fig.  3) commences with a typical 38-residue Gram-positive bacterial signal sequence (35) , and the protein sequence immediately after the consensus AQA2 AT signal peptidase cleavage site corresponds to that of the 25 N-terminal residues of Rpf purified from culture supernatants. After removal of the signal sequence, the predicted gene product has a molecular mass of 19,148.5 Da, which is larger than the measured size of Rpf (see above). Codon usage is similar to that of other M. luteus genes sequenced to date, with a very strong preference for codons ending in G or C throughout.
Genes Similar to Rpf Have Been Found in Mycobacteria. Database searches revealed that the N-terminal region of the secreted form of the M. luteus rpf gene product is substantially similar to the predicted products of seven other genes, five from Mb. tuberculosis and two from Mb. leprae (Fig. 3) the others appear to have secretory signal sequences (35), suggesting that they may perform a similar biological function to that of the secreted M. luteus protein. However, these hypothetical mycobacterial proteins have been uncovered solely by DNA sequencing. Their biological functions are currently unknown.
Genes Similar to Rpf Are Found in Other Groups of High G؉C Gram-Positive Bacteria. Genes similar to rpf appear to be widely distributed among those Gram-positive bacteria whose DNA has a high GϩC content. Southern hybridization and͞or PCR experiments with primers A1 and A2 (not shown) revealed that a second similar gene is present in M. luteus (Fig. 4A) and that similar genes are also detectable in Mb. smegmatis, Mb. bovis (BCG), Corynebacterium glutamicum, and several species of Streptomyces (Fig. 4B and unpublished data) . The number of similar genes detected, as deduced from the number of hybridizing bands, varies from one (possibly more) in S. rimosus to four in Mb. smegmatis. Two cosmids from the ordered library of S. coelicolor A3(2) DNA (32) contain genes that hybridize under stringent conditions with the 147-bp PCR product and they are being characterized currently. Genes encoding products comparably similar to Rpf are not present in any of the other organisms whose genomes have been completely or almost completely sequenced to date (Aquifex aeolicus, Archaeoglobus fulvidus, Bacillus subtilis, Borrelia burgdorferi, E. coli, Haemophilus influenzae, Helicobacter pylori, Methanococcus jannaschii, Methanococcus thermoautotrophicum, Mycoplasma genitalium, Mycoplasma pneumoniae, Saccharomyces cerevisiae, Staphylococcus aureus, Streptococcus pneumoniae, Synechocystis PCC6803).
Rpf from M. luteus Stimulates the Growth of Mycobacteria. In addition to (i) promoting resuscitation of dormant cells, (ii) stimulating growth of washed viable cells and (iii) shortening the apparent lag phase of M. luteus cells in batch culture, purified Rpf also stimulated the growth of both rapidly growing and slowgrowing mycobacteria. When added to intensively washed cells of Mb. smegmatis, growth occurred in Sauton medium after 20-24 h, whereas the control lacking Rpf showed no growth after 6 days (Table 1) . Moreover, trypsinized Rpf had no such activity (data not shown). With unwashed Mb. smegmatis cells growing in nutrient broth E, the maximum optical density attained was doubled in the presence of Rpf (not shown). Experiments with slow-growing mycobacteria showed that Rpf stimulates the growth of Mb. tuberculosis, Mb. avium, Mb. bovis (BCG), and Mb. kansasii (summarized in Table 1 ).
Analysis of Recombinant Rpf. The coding sequence corresponding to the secreted form of Rpf, starting at residue A 39 , was inserted into pET19b to generate plasmid pRPF1 (see Materials and Methods). Extracts of isopropyl-␤-D-thiogalactoside-induced E. coli strain HSM174(DE3) containing pRPF1 were challenged with a poly-His antibody. A strong signal was associated with a protein (apparent size, 29 kDa; predicted size, 22 kDa) that was eluted from the affinity column by 0.5 M imidazole followed by Mono Q purification (Fig. 5A) . The histidine-tagged protein from HSM174(DE3) reduced the apparent lag phase of viable cells of M. luteus at picomolar concentrations, whereas the control (material eluted from the same column under the same conditions when an extract from cells containing plasmid vector only was applied) showed no activity (Fig. 5B) . Finally, purified recombinant-Rpf strongly stimulated the growth of washed cells of M. luteus (Fig. 5C) . The association of biological activity with the recombinant protein, produced in E. coli containing pRPF, and the absence of biological activity in the isogenic control containing pET19b, demonstrates unequivocally that the active molecule is indeed a product of the rpf gene. The important properties of such molecules in this context, which discriminates them from nutrients, are that (i) they are produced by the organisms themselves, (ii) they are active at very low concentrations, and (iii) unless they are generated from prohormones their metabolism is not necessary for activity (although they may be degraded subsequently). The chemical nature of these pheromonal compounds varies widely: those exploited by Gram-negative organisms tend to be of low molecular weight, particularly N-acyl homoserine lactone derivatives (7) (8) (9) (10) (11) , whilst a number of Gram-positive organisms use proteins and polypeptides (9, 10, 12-16, 37, 38) .
The results described herein document the existence of a protein, denoted Rpf, which is secreted by M. luteus and which stimulates growth and cell division when added in picomolar concentrations to minimal media. Although a number of mammalian hormones act as growth factors for unicellular organisms such as ciliates (4, 5) , and can be potent stimulators of bacterial growth (18, 20) , to our knowledge this is the first characterization of an autocrine or paracrine factor that stimulates the resuscitation of truly dormant bacteria. The protein has the properties of a cytokine, because it also stimulates the growth of viable cells, and is likely to be involved in the normal control of cell multiplication. The extent to which the observed cross-reactivity may permit the resuscitation of other organisms, and thus the question of inter-species specificity, remains to be evaluated. Given that the number of observable microbial cells in a natural sample often exceeds the number that can be cultured therefrom by orders of magnitude (21) (22) (23) 39) , the current findings are consistent with the view (20) that to permit their regrowth many of these may in fact merely require the addition of such a cytokine, whose potency, and potential susceptibility to degradation in the environment, has delayed their earlier recognition.
By analogy with other protein signaling systems found in bacteria such as S. aureus (9), B. subtilis (14) , and S. pneumoniae (40, 41) , as well as higher organisms (many prohormones in animals, systemin (42, 43) in plants), it is possible that the proximate signaling molecule is derived from the secreted form of the rpf gene product by proteolytic cleavage. Significantly, the secreted form of the predicted gene product appears to be larger than Rpf purified from culture supernatants. Because the Nterminal amino acid sequence of Rpf was identical to that of the predicted gene product, Rpf is presumably generated by Cterminal processing. The recombinant protein expressed in E. coli also has growth-promoting activity, but it remains to be established whether Rpf is further modified to generate the proximate signaling molecule.
Mb. tuberculosis is a very significant re-emerging pathogen (44-46) that shows latency (i.e., dormancy) in vivo (47) (48) (49) (50) . It is tempting to speculate that resuscitation and growth of this organism (and possibly also Mb. leprae) may be controlled, in part at least, by members of a family of secreted Rpf-like proteins, which function as autocrine and͞or paracrine growth factors. Four of them are secreted, whereas the fifth appears to be a membrane-anchored protein. This protein family may show functional redundancy. Alternatively, as in many animal cell systems (51) , the different signaling molecules may be produced under different conditions or for different specific purposes. For example, the membrane-anchored protein (g2052146) may be responsible for juxtacrine signaling and͞or signal perception, whereas the protein with the alanineϩproline-rich C-terminal extension, comprising a complex family of repeating units (e1254009), may play a role in autocrine signaling by binding to a specific molecule located at the cell surface, and the smallest protein lacking any additional domain (g1655671) may function as a paracrine signaling molecule. Further experimental work will be required to explore these hypotheses, which may lead, in the short term, to substantially improved laboratory methods for the detection and cultivation of these organisms and, in the longer term, to therapeutic strategies and vaccines for preventing their growth in vivo.
Note Added in Proof. The Rpf homologues detected in Mb. tuberculosis H37Rv and described in Fig. 3 have now been given the following gene designations following the publication of the finished genome sequence of this organism: Rv1884c ϭ g2225976 (MTCY180.34), Rv0867c ϭ e1254009 (MTV043.60c), Rv1009 ϭ g2052146 (MTC1237.26), Rv2389c ϭ g1655671 (MTCY253.32), and Rv2450c ϭ g2791490 (MTV008.06c) (53) . Further details are available via the Sanger Centre's Website at http:͞͞www.sanger.ac.uk͞Projects͞Mtuberculosis͞.
